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Interplay of electronic structure and atomic ordering on surfaces: 
Momentum-resolved measurements of Cs atoms adsorbed on a Ag(lll) substrate 
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Surface-state mediated interactions between adsorbates on surfaces can be exploited for the fabrication of 
self-organized nanostructures such as two-dimensional superlattices of adatoms. Using angle-resolved pho- 
toemission we provide experimental evidence that these interactions can be drastically modified by adsorbate- 
induced alterations in the surface potential barrier. This, in turn, will cause significant changes in the ordering of 
the adsorbates. For the studied case example of Cs adatoms on Ag(l 1 1) our momentum-resolved measurements 
reveal the surface state Fermi wave vector to be increased by as much as ~100% for coverages around 0.03 ML. 
Our results unravel the origin for the hitherto puzzling and unexpectedly small lattice constant in the adatom 
superlattice observed for this system. 



The self-assembly of atoms, molecules or clusters on sur- 
faces is a prerequisite for the bottom-up approach to the fabri- 
cation of ordered low-dimensional nanostructures. The inter- 
est in such processes is widespread: it reaches from improve- 
ments in the growth quality of organic molecular thin films for 
enhanced device performances 1 to the design of model sys- 
tems with tunable interaction parameters for the investigation 
of new electronic or magnetic effectS i 2 ' 3 ' 4 ' 5 ' 6 The structural or- 
dering of adsorbates is often determined by a complex inter- 
play of competing mutual interactions which may act directly 
between the adsorbates or via the supporting substrate. 7 ' 8,9 
The controlled preparation of tailored structures thus requires 
understanding of the involved microscopic mechanisms. 1011 
Here, we address specific types of interactions acting be- 
tween adatoms and molecules on surfaces which are medi- 
ated by surface state electrons. 12 The mediated interactions 
can be electronic, as found for the surfaces of different metal 
substrates 1314 , but also magnetic, as predicted for impurities 
with magnetic moments on topological insulator and metal 
surfaces J^i£ As we will show, such interactions are not nec- 
essarily a genuine property of the substrate surface but instead 
can exhibit substantial dependence on the adsorbate type and 
coverage. 

Surface-state mediated interactions result from the scatter- 
ing of surface electrons at adatoms which gives rise to spatial 
oscillations in the local density of states (LDOS) of the surface 
state around the scattering impurity. 1718 This effect induces an 
oscillatory interaction potential between two given adatoms 
whereas the oscillation period is directly linked to the sur- 
face state Fermi wave vector of the particular substrate. Scan- 
ning tunneling microscopy (STM) experiments very succes- 
fully confirmed these predictions for several adatom species 
on different noble metal substrates hosting Shockley-type sur- 
face states. 13,14 A particularly interesting consequence of the 
surface-state mediated interaction potential is the possibil- 
ity to create well-ordered adatom superlattices, potentially 
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useful for studying magnetic coupling in low dimensions 
(see for example Ref. 19 for a recent review). Experiments 
for Ce superlattices on Ag(lll) and Cu(lll) corroborated 
a clear correspondence between the equilibrium interatomic 
distances in these structures and the respective surface state 
Fermi wave vector. 20,21 On the other hand, Cs superlattices 
on the same substrates were revealed to show markedly re- 
duced interatomic distances compared to the respective Ce 
counterpart 2223 , indicative of additional, unexplored effects 
taking place in this case. 

In this contribution we demonstrate that the surface-state 
mediated potential on a particular substrate can be altered sig- 
nificantly by the presence of adatoms and moreover can be 
tuned as a function of the adatom coverage. This effect arises 
from adsorbate-induced changes in the surface potential bar- 
rier which give rise to drastic modifications in the Fermi wave 
vector and the binding energy of the surface state electrons. 
To access these important quantities experimentally we em- 
ployed angle-resolved photoelectron spectroscopy (ARPES) 
which is a surface-sensitive technique and allows for the di- 
rect measurement of the fc-resolved surface electronic struc- 
ture. As a case study we present experiments for Cs atoms ad- 
sorbed on a Ag(l 1 1) substrate for coverages up to 0.06 mono- 
layer (ML). For coverages above 0.03 ML we find the Fermi 
wave vector of the Ag(lll) surface state to be increased by 
^100% compared to the value for the clean surface. This re- 
markable observation gives a conclusive and quantitative ex- 
planation for the as yet surprisingly small lattice constant for 
the Cs superlattice on Ag(lll). 23 Our results thus disclose a 
new aspect of surface-state mediated ordering which can be 
essential for a proper understanding of the resulting adsorbate 
geometry. In turn, the mechanism provides new possibilities 
to tune electronic or magnetic interactions and corresponding 
ordering phenomena in low-dimensional nanostructures. 

We performed high-resolution ARPES experiments em- 
ploying a Scienta R4000 electron analyzer and a microwave- 
driven He-discharge lamp (MB-Scientific). The angular and 
energy resolution of the setup were set to 0.3° and 8 meV. 
For all presented measurements we used an excitation energy 
of hv = 21.22 eV (He I). The experiments were carried out 
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FIG. 1: Angle-resolved photoemission for the clean (a) and Cs- 
covered (b)-(c) Ag(lll) surface around the f point (fen = A -1 ). 
Fermi momentum Hf and binding energy Eq of the parabolic sur- 
face state dispersion are largely influenced by the Cs-induced modi- 
fication of the surface potential barrier. 



under ultra-high vaccuum conditions with a base pressure be- 
low 2 ■ 1CP 10 mbar and at a sample temperature of ^20 K. 
The Ag(l 1 1) single-crystal was prepared by standard sputter- 
annealing cycles. The surface quality was characterized by 
ARPES measurements of the surface state line width (see 
Ref. 24) and with low energy electron diffraction (LEED). 
Commercial alkali sources (SAES getters S.p.A.) were em- 
ployed for Cs deposition. The deposition rate was gauged 
using the Cs-induced (\/3x\/3) reconstruction occuring at a 
coverage of 1/3 ML (see Re f .1251) and is estimated to be accu- 
rate within ±20 %. 

The electronic structure of the pristine Ag(l 1 1) surface fea- 
tures a surface state in the bulk-projected energy gap around 
the f -point of the surface Brillouin zone (Fig. QI a ))- Its 
parabolic dispersion is specified by the Fermi wave vector kp 
and the maximum binding energy Eq for which we determine 
values of 0.085 A -1 and 62 meV, in agreement with previ- 
ous experiments 24 . As inferred from Fig. |TJb) and (c) suc- 
cessive deposition of impurity concentrations of Cs adatoms 
gives rise to a steady increase in the binding energy Eq of the 
surface state. This pronounced dispersion modification results 
from the sensitivity of surface states to changes in the sur- 
face potential. When bound to a surface, alkali atoms tend to 
form comparably large dipole moments which results in sig- 
nificant reductions of the substrate work function 26 . Based on 
STM measurements on Cs/Ag(lll) a work function change 
A0 w leV has been determined for 9 = 0.03-0.04 ML 2 !. Em- 
ploying a simple phase analysis model to take into account the 
changed surface barrier (see Refs. 27,28,29) and using this 
value for Ac/) we estimate a surface state binding energy in- 
crease of ^200 meV which is in good agreement with our ex- 
perimental data in Fig.[TJc). The large change in Eq is there- 
fore mainly attributed to modifications in the surface potential 
barrier due to the Cs adsorption whereas also direct doping 
most likely has an additional but smaller effect. We stress that 
the observation of a single well-defined surface state band for 
the Cs-covered samples indicates a homogeneous distribution 
of the Cs adatoms without island formation. 30 This is indeed 
expected because of the dipole-dipole repulsion between the 



adsorbed atoms. 

A crucial consequence of the observed binding energy in- 
crease are associated changes of the surface state Fermi wave 
vector kp. In Fig. [2] we consider momentum distribution 
curves (MDCs) taken at the Fermi energy Ep for rising 
amounts of Cs coverage. The two peaks in each spectrum 
correspond to the Fermi wave vector in the ±fcn directions. 
The data indicate shifts of the two peaks to larger fcn val- 
ues and thus a gradual enhancement of the Fermi wave vector 
with increasing Cs concentration on the surface. The results 
of the full data set are summarized in Fig. [3] where we plot 
the measured surface state parameters kp and Eq as a func- 
tion of the Cs coverage in panel (a) and (b). Both parame- 
ters show a similar coverage dependence: Up to ^0.02 ML 
we find a linear increase which is maintained but reduced for 
higher coverages. The most important finding for the present 
work is that already at a Cs coverage of ^0.03 ML the surface 
state Fermi wave vector is enhanced by a factor >2 and the 
binding energy is enhanced by a factor >4 when compared to 
values of the clean Ag(lll) surface. It is important to note 
that the observed surface state modifications eventually result 
from chemisorptive, partially ionic Cs-Ag bonds with binding 
energies on the eV scale 26 . Therefore we do not expect a sig- 
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FIG. 2: Momentum distribution curves at the Fermi energy Ef for 
the Ag(lll) surface state for increasing Cs coverage. The data evi- 
dence a coverage-dependent enhancement of the surface state Fermi 
wave vector kF- The asymmetry in the peak intensities results from 
photoemission matrix element effects. 
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FIG. 3: Full data set on the coverage dependence of the surface state 
parameters Eq in (a) and Uf in (b) corresponding to the representa- 
tive data plots in Fig. Q] and Fig. [2] The symbol size in (a) and (b) 
exceeds the experimental error along the ordinate axis. 



nificant temperature dependence of the above findings in the 
low temperature regime below ~T00 K. 

In the following we will discuss the implications of the ex- 
perimentally determined coverage dependence of the surface 
state parameters kp and Eq for surface-state mediated inter- 
actions between impurities and a resulting superlattice forma- 
tion. To this end we will compare our present results to previ- 
ous STM experiments which observed the formation of a Cs 
adatom superlattice on Ag(l 1 1) at a coverage of 0.03-0.04 ML 
and a temperature of 7 K. 23 The superlattice constant deduced 
in these experiments was dc s = (15±2) A and hence consid- 
erably reduced as compared to the Ce superlattice on Ag(l 1 1) 
where dc e = (32±2) A was found^ 

The oscillating interaction energy between two adatoms 
due to surface state scattering is given by 



e: 



-AE 



2sin(<5o)\ sin(2fci?|ri — 7*2 1 + 2<5o) 
(k F \ri - r 2 \) 



(1) 



with the scattering amplitude A and the scattering phase <5rj. 18 
It is important to note that the form of Ef depends crucially 
on Uf and Eq and hence is expected to change significantly if 
these parameters are modified. In addition to Ef the repulsive 
dipole-dipole interaction energy 
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between two adatoms with the dipole moment p must be 
taken into account to obtain the total interaction energy E{ — 
Ef + Ef. In Ref. the parameters A sw 0.3, S « 0.5tt 
and p ps (0.9±0.3) e A were estimated for Cs/Ag(l 1 1). Using 
these values we are able to compute the interaction energy Ei 
between two Cs atoms on the Ag(lll) surface for the mea- 
sured parameter pairs of kp and Eq (Pig. [3j. 

In Fig. |4] we plot Ei for the surface state parameters of the 
clean surface (dashed line) and for the ones obtained by our 
measurements for 9 = 0.032 ML (full line). The most im- 
portant parameter in these curves is the location of the first 
energy minimum d m as for this interatomic distance the for- 
mation of an energetically stabilized superlattice is possible. 
Clearly, for the parameters of the clean surface d m largely 
deviates from the lattice constant of 15 A found in Ref. 23 
(see shaded area in Fig.|4|i. However, using the re-determined 



values from our ARPES study the agreement is striking. We 
find d m ps 14 A which fully coincides with the previously ob- 
served superlattice constant within experimental uncertainty. 
The large change in d m results from the modification of the 
Fermi wave vector after Cs deposition. Note that the distance 
d m does not only depend on kp but also on the scattering 
phase So the choice of which constituting the largest uncer- 
tainty in the present determination of d m . Previous investiga- 
tions found scattering phases of 0.337T and 0.377T for Co and 
Ce atoms on Ag(l 1 l)*^ Assuming according reductions in 
do we obtain d m ps 16-17 A. The agreement with the STM 
experiments is thus maintained for a plausible range of scat- 
tering phases whereas optimal correspondence (d m fs 15 A) 
is found for 5q = 0.437T. 

Importantly, in addition to the modified Fermi wave vector 
also the strong increase of the binding energy Eq plays an es- 
sential role for our considerations. E$ defines the energy scale 
in Eq. (1) and therefore determines the actual energy gain E m 
for a given scattering phase and amplitude (see Fig. 3). The 
importance of a sufficiently large ratio between E m and the 
adatom diffusion barrier height Ed for the realization of a 
superlattice has recently been emphasized. 31 For the system 
Cs/Ag(lll) E D m 17 meV was determined in Ref.lH Us- 
ing this number we obtain values for E m IED in the range of 
~7-12 % for scattering phases 5q between 0.377T and 0.5-7T. 
Note here that E m , unlike d m , additionally shows a strong 
dependence on the scattering amplitude A and the dipole mo- 
ment p rendering our calculated values as a rough estimation. 
Nevertheless, the numbers we obtain agree with those ob- 
served for other adsorbate-substrate combinations which were 
shown to stabilize adatom superlattices where one typically 
finds E m IED > 6%. 31 The strong enhancement of Eq with Cs 
adsorption can therefore be indentified as an effect of critical 
importance for the energetical stabilization of the superlattice. 
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FIG. 4: Calculated adatom interaction energy Ei using surface state 
parameters of the clean surface (fejr = 0.085 A -1 , Eq = 62 meV; 
dashed line) and of the Cs-covered surface for 6 = 0.032 ML 
(k F = 0.171 A" 1 , E = 287 meV; full line). The shaded area repre- 
sents the Cs superlattice constant including experimental error found 
by STM experiments 23 . The inset shows the calculated position d m 
of first energy minimum E m (see text for details) as a function of the 
Cs coverage 6. All calculations are done for 8a = 0.05-7T. 



Taken collectively our experimental results provide a com- 
prehensive explanation for the observation of a Cs superlat- 
tice on Ag(l 1 1) with a lattice constant of 15 A and a coverage 
of 0.03-0.04 ML. We deduce that the structural ordering in 
this system is not solely determined by the substrate but addi- 
tionally by the adsorbate itself which decisively influences the 
surface-state mediated interaction. It is instructive to examine 
the coverage dependence of the equilibrium distance d m ob- 
tained from the data in Fig. [3] (see inset in Fig. |4). It turns 
out that the energy minimum distance of the adatom interac- 
tion energy varies over a considerable range between 13 A and 
27 A. This demonstrates a new possibility to tune surface-state 
mediated interactions between surface adatoms, in addition to 
a change of the substrate. 14 

As several previous studies on different noble metals re- 
ported surface state modifications for a variety of different 
adsorbate species, the findings presented here are likely to 
have consequences for a broad range of material systems [see 
e.g. Ref. IXM- Generally, electropositive species, such as al- 
kali atoms studied here, tend increase the surface state bind- 
ing energy Eq and Fermi wave vector kp?~ However, also the 
opposite effect, that is a reduction of Eq and Uf, has been 
observed, for example for the adsorbtion of CO molecules 33 , 
rare gases 35 or dielectric NaCl overlayers 34 on noble metal 
surfaces. In this case an enhancement of the equilibrium dis- 
tance d m should be expected. For possible implications of our 
work we point out to a number of recent studies on atomic or 



molecular superstructures on metal surfaces for which a sig- 
nificant change in the surface state dispersion due to dipole 
formations may be expected i 19,36 ' 37 Interestingly, another in- 
vestigation reports variations in the distance distributions for 
different organic and inorganic molecules on Cu(l 1 1) depend- 
ing on their dipole moments. 3 - One can anticipate that the 
mechanism established in our work plays an important role for 
these observations. Furthermore, adsorption experiments on 
topological insulators find modifications in the surface elec- 
tronic structure upon adatom coverage suggesting that similar 
effects as discussed here will also be relevant for the surface- 
state-mediated RKKY-interactions and resulting surface mag- 
netism predicted for these systems. 15 i 39 ' 40 

We have established a new mechanism in the adsorbate- 
substrate interplay in low-dimensional surface nanostructures 
which, as we have shown, can radically change the involved 
interactions between adsorbates. In particular, surface-state 
mediated interactions are found to be modified upon adsorbate 
deposition. This is due to the sensitivity of surface states to 
changes in the vacuum-surface potential barrier. The findings 
offer a new way to manipulate the self-assembly of atoms or 
molecules on surfaces. 
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